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ABSTRACT

We have used spectroscopy and high resolution imaging tostudy the
disk-halo interaction in the edge-oll spiral galaxy NGC 891, which is known to
have extraplanar gas. Ha imaging of the NE side of this galaxy reveals diffuse
emission-line gas both above and below the plane, as w c]] asnew bul>blc-like
structureson 0.5 — 1 kpc scales emerging from the disk. The diffuse cmission
is best modeledin the radial dircction as a disk of constant cmission measure
with a sharp cutoff. Long-slit spectroscopy of the Haline within 2.4 kpc of the
galaxy’s plane shows departures from the velocity structure found in a mode]
with strict coronation. The departures from coronation range up to 40 km s’,

consistent with galactic fountain thcory.

Subject h ecadings: Galaxies: Interstellar Matter, Galaxies: Individual (NGC 891)
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1. Introduction

Current theories of the interstellar medium of our galaxy postulate a strong connection
between gas in the disk and gasinthe halo. Galactic fountain theory, first introduced by
Shapiro & 1%cld (1976), presents a picture of hot gas escaping from the disk, cooling in
the halo, and falling back onto the disk. This idea was further developedinthe galactic
chimney mode] of Norman & lkeuchi (1989),in which the hot gas rcaches the halo via

‘(chimneys” formed by the breakout of superbubbles from the disk.

‘] hese theories were developed not only to explain phenomena in our galaxy such as
high velocity 111 clouds and diffuse X-ray gas, but also observations such as radio halosin
other galaxies and cxiraplanar emission-line gas in starburst galaxies. Although assuming
this halo material comes from the disk dots provide an explanation, it is not the only one
possible: the matcrial could beaccreting onto the galaxy {rom the intergalactic medium, for
example.One way of distinguishing between the possibilities is to measure the velocity of
the extraplanar gas. Galactic fountainthcory would predict that cmission-line gas emerging
from the disk would sharcin the, disk’s rotation, while matter accrcting ontothe disk from

the outside would not be rotating with the galaxy.

This type of investigation is difficult to carry out for the Milky Way because we are
embedded in its disk. An edge-on external spiral galaxy would show extraplanar gas more
clear] y, andthe kinematics of the gas would berelatively simple to measure and model.
Realizing this, scveral groups have made observations of extraplanar gas inNGC 891, an
edge-on galaxy thought to have a “remarkable similarity” to the Milky Way (van der Kruit,
1984). Rand et al. (1990) and Dettmar (1990) imaged NGC 891in Ha and found diffuse
cemission outside the plane to |z| > 4 kpc (throughout this paper, weassume a distance
1o NGC 891 of 10 Mpc).Both studies also found “worms” or filaments of emission-line

gas cxiending over 2 kpe from the disk. Similar strut.tulm inlllinthe Milky Way have
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been interpreted as the cool outer surfaces of galactic chimneys. Keppelet al. (1 991) took
long-slit spectra perpendicular to the plane of NGC 891 and found He emission at |2| > 1.4
kpc as wc]] as coronation of this emission-line gas with the disk of the galaxy{o within the

accuracy of iheir measurements.

This study combines both higher resolution ller imaging of the NE side of the galaxy
(the side seen to have the greatest amount of diffuse emission and filaments) and long-slit
spectroscopy along two prominent filaments. Details of the observations and initial
reductionare in section 2. The Ha imaging revealed filaments and bubbles not found in
any previous study, including a pair of bubbles on opposite sides of the plane (scc Section
3). Theimaging aso allowed us tocreatc amodel of tile radia distribution of the diffuse
cmission (Section 4). This model, combined with the rota.tie]] curve of NGC 891 {rom
Rupen (1 991), is usedto calculate the spectra of corotating gas. The comparison of these
modelresults with our long-slit spectra shows sonic departures from coronation in the

cextraplanar gas. Ifurther discussion and conclusionsarc in Scction 5.

2. Observations

Bothimaging and spectroscopy were donc using the 2.4 mlliltner Telescope at the

Michigan-Dartmouth-M1T (MDM) observatory on Kitt Pcak, Arizona. in both cases, we

used the BRICC 135 mm camera (Luppino 1 989) with aI'l-4849 CCJ]) (398 x 598 pixels).

2.1. Imaging

Theimaging was carried out on 3 October 1991. With the {7.5 secondary on the
telescope, the scale is 0.25" pixel”’, giving atotalfield of view of 1.7x 2.5. Atlthcassumed

distance to NGC 891 of 10 Mpc, this corresponds to a linear size of 4.9 kpc X 7.3 kpc.
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Iour 900 s narrow band e images (using the KI’NO filter set- the filter we used
had a central wavelength of 6565 A and a full-width-half-m aximum of 73 A) and one 900
s Cousins broadband R image were taken. All were centered on the apparent origin of the
previously discovered 2 kpcfilaments in the plane of NGC 891. The instrument was rotated

so that the long axis of the chip was aligned with the plane of the galaxy.

Theimages were reduced using the standard IRAI® packages and calibrated using
standard stars observed by Massey ct a. (1 988). The R band frame, scaled so that the
stars in it were the same magnitude as those in the coadded J] o frame, was subtracted from
that coadded frame to give IYigure 1. The vertical line on the left side of the image is duc

to bleeding from a bright foreground star.

2.2. Spectroscopy

The spectroscopy was obtained 1 October 1991 under nonphotometric conditions using
a 600 line/nl]n grism with a blaze wavelength of 5800 A.The projected slit width was 1.68",
giving a spatial scale of 0.728" pixcl™! and a dispersion scale of 2.27 A pixel™? . with the

slit positioncdalong the long axis of the chip, the wavelength range covered was 5700-6900

Al

IFour 900 s spectra were takin cach of three positions (see Figure 2): cuts A
and B along two of the previously discovered filaments, and cut C perpendicular to
the plane of the galaxy near the nucleus. Initial reduction of the spectra withIRAI®
produced one-dimensional spectra with 11 pixel wide apertures (8.01" or 0.388 kpc){or
cach cut. The first aperture in all cases was centered on the planc, with subsequent ones
extending away fromthe plane inboth directions. Iar away {rom the plane where the
cmission was particularly weak but still evident, larger apertures were taken so an adequate

signal-to-noiscratio could be obtained. T'he one-dimensional spectra were then analyzed
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using a modified version of the software package FIGARO (dcveloped by K. Shortridge at
AAO) o dctermine a central wavelength and full-width-h alf-maximum for the 11 « line,

including the nearby [N1I} and [S11] doublets when possible.

3. Resulis

The most prominent features of the continuum-subtracted Hea image of NGC 891are
the two bubbles emerging from opposite sides of the galaxy’s plane near the outer edge of
the difluse emission region (Figure 1). The bubbles are approximately 2.1' (6.1kpc) N}, of
the optical center of the galaxy. In addition to the two bubbles, diffuse emission outside of

the plane of galaxy is quite apparcent.

in determining the He ‘luminosity of the bubbles, two problem s must be solved:
defining the border of a region of interest, and compensating for the diffusc emission in the
background. If the second problem canbe solved, the first becomes less important because
the net flux from areas around the region will be zero (it is straightforward to exclude areas
of highier flux since they can be discriminated against). A third problem is determining
what contribution the [N1l]doublet near 1l make to themeasured luminosity since the
{ilter we used was broad enough to include thosclines. Keppelet al. (1990) found Hea/[N1]
ralios ranging from 0.9 to 2.5 al various heights and radii in NGC 891, so no definitive
conversion from luminosity in the filter to Ha luminosity can be made. Yor the remainder
of this paper, luminositics and fluxes will bethe total for the filter, unlessstated otherwisc.
In addition, no corrections arc made for dust extinctionsince the dust content of these

structures is not well known.

We used the PROS package in1RAI totry to obtain luminositics, since it periits onc
to draw polygons around regions and to chioose background areas to be subtracted from

these regions. In practice, we found that even the most careful choice of backgrounds still
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gave some significant variation (up to a magnitude in one case) in the luminosities of the
regions under consideration, although it was Icss important for the brightest regions duc
to their high flux relative to the diffuse emission. Thus, when a range of magnitudes or

luminosities is given, it represents the results from using a range of backgrounds.

13ubble A (in IFigure 1, above the plane at the center of the image) is relatively
symmetric. It has a diameter of 12¢ (580 pc); a filament emerges of'of one edge. The
background subtracted magnitude of the bubble is 17.4- | 8.4 (depending on the background

region sclected), which corresponds {o aluminosity of 1.2-3.0 x 1038 ergs™!.

Bubble B (below the plane, dircctly underncath Bubble A) is muchmore irregular.
It curves towards the far edge of the galaxy, and appears to have a hot spot at the cdge
furthest from the plane. It extends 10.3" (500 pc) from the large 1111 region (above Bubble
BinFigurc1 ) that it apparently is associated with. T'he upper region of the bubblechasa
diainecter of 6° (290 pc), below which it narrows, then widens again to a diamecter of 8 (390
pc)al the 1111 region. It is diflicult to determine if this bubble is a small blowout on top of

a larger bubble or a single tilted and clongated structure.

This second bubble has a magnitude of 17.1-17,6, corresponding to a luminosity of
2.5- 40 x10%crg SI. The large 1111 region in the planc immediately beneath it has a
magnitude of 16.6- 16.7 or aluminosity of 5.8- 6.3 x10% crg s’, approximately 1.5 to 2
times brighter than the bubble. If the smaller 1111 region to the left of the larger onc is
included, tile magnitude increases to 16.1- 16.2, for a total luminosity of 9.1-10 X110 erg

S- .

Other, more diffuse bubbles and bubble fragments aso canbesceninFigurel, though
at lower levels of significan ce. To the left of Bubble B, afaint arc 23" long (1.1 kpc) appears
to be part of an elongated, faded bubble. Straighter “worms” appcar on both sides of the

disk, with typicallengihs of 1 O° (480 pc). These “worms”arcreminiscentof thell 1 worr 11s
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found by Heiles (1 984) in both shape and scale. There is a great deal of {rothy small-scale
structure in the emission-line gas within 1 kpc of the midplane, while farther away from the

disk, little or no structure can be seen.

The diffuse emission-line gas found in previous studics(Randct a. 1990, Dettmar

1 990) is clearly in evidence in our image. Towards the nuclcus of the galaxy, diffuse emission
is seen to the edges of the frame, however, it disappears rapidly and abruptly as one moves
away from the nucleus. Figures 3a and b illustrate this more quantitatively with average

pixel values taken parallel to the planc on both sides of the galaxy. lach point represents
an average taken over an 11 x 11pixel (2.8" x 2.8") box. The pcaks correspond to either

onc of the two bubbles discussed above (rows 250- 300) or a strip across the top of the image
(approximately row 450) where the bright star saturated andbled across the rows, ‘Jhere is
a clear and precipitious decline in the values at the same radius where the disk 1111 regions
become much less prominent. In section 4, we attempt to model the extraplanar structure

responsible for this behavior.

The spectroscopy reveals systematic shifts in the 11 o/ line as one moves out from the
planc of the galaxy along the 2 kpc filaments (I'ig. 4a ant] b- points with error bars) and
no such shifts--to within the error of our observations- perpendicular to the planc near the
nucleus (Iig. 4c). The velocity difference is as large as 55 km s’ along onc of the filaments.
Since in two of the three spectra wc did not place the shit perpendicular to the plane of the
galaxy, dctermining whether the diffuse gas is corotating or not requires a model of the
cmission mcasure ant] velocity field of the galaxy (indicated by the solid lines- sce below

for discussion).

4. Models
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‘J here were two stages to our modcling, cach of which can be tested against the
observational results discussed above. The f{irst stage was to model the three-dimensional
spatial distribution of the emission mcasurc. This spatial modecl was projected against the
planc of the sky in order to compare it to the mecasurements of the brightness of the diffuse
cmission observed above ant] below the planc of the galaxy. Once a good spatial model was
found, the second stage was to usc it and the rotation curve of the galaxyto predict the
velocitics of the extraplanar gas assuming that this gas is corotating with the galaxy. This
velocity modecl can be compared to the spectroscopic observations to judge whether the
syslematic shifts seen arc the result of significant non-corotating velocities above and below

the planc.

Ior the first stage, wc experimented with two simple three-dimensional spatial models
to determine which more accurately describes the diffuse extraplanar ecmission. Onc model
is a disk with constant cmission mecasure per unit area as a function of radius (the emission
measure docs change as a function of height above the disk) and a sharp cutoff at the edge:

M = {K " Tanteny
0 7> 7rgalany

The other is a disk with anexponentially decaying emission measure with scale length »,:
EM = Keme

Inboth cases wc assumed an optically thin edge-on disk and projected the 1110C1C1 onto
the plane of the sky to obtain the two-dimensional emission measure to compare with tlhie

photometry of the diffuse emission.

The two spatial models produced very different results for this first stage of modeling.
The exponentially decaying emission measure modcl projected against the plane of the sky

becomes a pelf’cr law declining as a function of distance from the center. The projected
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cmission measure for the constant model as a function of radius is

Tgalazy

While the constant model is much more similar to the observations thantihc exponential
model (Figures 3 and 5), it is not a perfect match. The radius of the galaxy rgetasy as
determined from the observations varies with height above the disk, perhaps duc to dust,
althougha good working value is 2.7° for this side (NI) of the galaxy. Inaddition, while
the cast side behaves much like the model predicts, the west side shows a much sharper
dropofl than predicted. Some of these shortcomings may stem from the simplicity of the
modecl, while others may arise from the limitations of thc observations. Because the field
of view of the CCI) wc used is so small compared to the angular size of NGC 891 , there
was not enough sky in the image to performan accurate sky subtraction]. in addition,
theimage may contain a gradient which was difficult to determine duc to the lack of sky.
Both of these problemsare only at the fcw DNlevel, though; the constant model fits the .
observations quite well considering its simplicity, so wc used it inthe second stage of the

modeling.

The second stage of the modeling used the constant spatial modecl, but also required
some information about the rotation curve of the galaxy. According 1,0 Rupen (] 991), the
111 rotation curve of NGC 891 is “roughly flat” at a vclocity of 225km s’ for radii between
1.2 and 5.5'. llis data also show the rotation curve increasing lincarly from O to 225 km S
as the radius increases from 0to 1.2°. With this model of the velocity ficld of the galaxy
and the constant spatial model described above, wc predicted the velocity centroids of the
cmission line gas along the three long-slit spectra. I'he spcctrosc.epic obscrvations and the

velocity model’s predictions arcinl'igurcs 4a c.

Onc feature that is apparent onthese plots is the high observed velocity (that is, low

velocity relative to the center of the galaxy) of the centralaperture (distance from plane =
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O) in all three spectra, but this apparent deviation is expected. It is duc to the aperture’s
sampling the dense, dusty disk rather than the transparent cxtraplanar gas. Since the

central aperture samples the outer edge of the disk (which is not at the tangent point of the
rotation curve at that radius), it obtains asmaller radial velocity relative to the center of
the galaxy. The model thus should be applied only to the velocities of the apertures outside

the plane.

A further question is whether dust could be distorting the velocities mcasured outside
the plane. This can be estimated using Rupen’s (1991, 1992) 111 observations of NGC 891,
assuming that HI traces the dust and the dust’s properties arc similar to that in the Milky
Way. Rupen finds that at the positions where wc have takenspectra, the column density
of 111 in the plane is 10”cm™2 and the vertical distribution of HI is well-fit by a gaussian
with ¢ = 3", Using the 111-to-extinction conversions of Bohlinctal.(1 978), the extinction
at 11« for the centers of the apertures just outside the center of the plane ranges from 0.15
{o 0.51 magnitudes,depending on the spectra] cut’s angle with respect to the plane.The
extinction is negligible for all apertures further from the plane, thus only the two apcrtures
closest to the plancin each spectra cut arc possibly aflected by dust extinction, and those
arc aflected only to alimited extent. Also, there iscvidence that in the Milky Way, dust is
more tightly confined to the disk than 11 is. Diplas& Savage (1993) find that the dust scale
height is less than 80% of that of 111 (152 pc for dust versus 195 pc for 111), so extinction
duc to dust may be even less than cstimated above. Of course, the dust is not all smoothly
distributed- -the dusty “tendrils” seen extending out of the disk of NGC 891 (Keppel et
al. 1 990) arc not accounted for in this trcatment— but there is no systematic way of treating
these non-uniformitics in the dust distribution. The large I'WI1IM’s foundin our spectra

(discussed below) imply that we arc seeing all the way through the galaxy, however.

The spectra. taken along filaments snow significant deviations fromthemodel velocities,

while the spectrum taken near the nucleus agrees well with the model predictions. Spectrum
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A- taken through a filament on the east side of the galaxy—shows slightly more than 1 ¢
deviations on the filament side, but 30-50 km/s deviations on thc west side. The diffuse
gas on the westside isrol sting faster than corot ation. Spectrum ~~-—taken through a
filament on the west side of the galaxy---appears to have velocities systematically lower
than coronation. The trend across the galaxy is similar to the model, but is 20--30 km/s
slower than coronation. In genera], the presence or absence of a filament seems to make

little difference in the mcasured velocity structure of the extraplanar gas.

In addition to modeling the line centers, wc modecled the full-width-half-maximum
(FWIIM) of an emission line in the coronation model for comparison with the observed
values. Using DRAWSPY.C,? we fit theoretical lincsfor each aperture with gaussiansto
obtain W11 M’s, then found the mean for cach cut, weighting by the errors of the observed
aperture FWHM’s. We subtracted the instrumental FWI M {from the observed aperture
FWIIM’s, and found a mean value for cachcut, also weighting by the observed errors (Table
1). There is no observed FFWIIM for cut C because the aperture values cluster around the

instrumental FWII M- it is indistinguishable from an unresolved line.

The theoretical I'WIIM for spectrum A is within 1 o of the observed one, but for
spectrum B it is over 2 ¢ below it. In both cases, the obscrved 'WHM is greater than
the theoretical one. Since each aperture has aninternal dispersion on the order of 6 km
s--" (smaller than the observational error), this increase in the I'WHM is not simply duc
to dispersion within cach aperture, but rather it must reflect overall behavior within the
extrap] anargas. It is unclecar whether this increasc is duc to random or ordered velocities
inthe filaments, or both. If it is due to turbulence alone, the {urbulent velocities for cut I3

arc as high as 100 ki SH.

IMRAWSPIC isa spectral analysis program developed by 11. Liszt at the National Radio

A stronomy Observatories.
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5. Discussion and Conclusions

The properties of superbubbles in NGC 891 can be compared to those in our galaxy,
which is similar in type and massto NGC 891, and the nearby spirals M31 and M33.
Superbubbles in our Galaxy (like the l.ocal Superbubble) have radii on the order of
100-1000 pc and kinetic energies of approximatcly 1050 — | 0 ergs (McCray & Kafatos
1987 and rcferences therein). 111 holes in M31(Brinks & Bajaja1986) and M33 (Decul &
den llartog 1990) are very similar, ranging in size fromthe resolving power of the survey
up to 1000 pc and in energy 10%° — 1054 ergs. l'or both galaxies, the mean kinetic energy
per hole is 10°! ergs and the mean age is approximately 5 --- 10 x 106 yr, giving anaverage

luminosity of 1--3 x10%¢crg .

The two most prominent bubbles that we found had diameters of 500-600 pc and filter
luminosities of roughly 1038 crg sl. This size is similar to the H1 holes found in the Milky
Way, M31, and M33, but the luminosit - cvenif corrected for [A™Il 1] emission- -is more than
anorder of magnitude greater than the average luminosity of the Hlholes. This latter
difference may be duc to arapid loss of energy in the early stages of superbubble evolution;
it is unlikely that theluminosity remains constant over the entire lifctiine of a bubble. Some
of the fainter bubbles and filaments in NGC 891 extend up to | kpc from midplane (Rand
ct a. 1990 found filaments more than 2 kpc long), but most of the faint structure is on the
scalc of 200-500 pc. Mac lLow, McCray, & Norman (1989) suggested that thelower halo of
the M ilky Way might be “a froth of merged superbubbles”, and the lower halo of the N
side of NGC 891appcars to be similar to this picture. Many faint arcs and filaments arc
scen within akpe of the plane. No obviously merging bubbles arc apparent, bhut this may

be duc solely to rapid fading of the clnission-line luminosity of the bubbles.

Theorics of superbubble formation and evolution suggest that bubbles will elongate

inthe z direction as they cxpand, becoming clliml]ey-like asthey break out (Mac Low,
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McCray, and Norman 1989, Norman & lkeuchi 1989, Tomisaka 1991). The bubbles and
bubble fragments seen in the Haimage of NGC 891 provide neither strong support nor
contradiction to this view. While no obvious “chimneys” arc seen, most of the structures
visible are more extended in the z direction than in the radial ‘direction. ]n addition, the
cmission appears enhanced at the top of both of the complete bubbles, perhaps indicating

that they arc approaching breakout.

Coronation of the cxtraplanar ionized gas would imply that this gas is emerging from
the disk, rather thanaccreting from the halo, bul the observed departures from coronation
can also becaccomodated if the gas comes from the disk. The presence of Hea filaments
and bubbles implics that warm disk gas is escaping from the plane towards the halo. The
departures from corotation may imply is that the violence of the processcs sending disk
gas into the halo produces substantial turbulence in the extraplanar medium.This view
is supported by the large I'WIIM’s of the Ha line along the two filament cuts. Also, the
expansion and breakout of the superbubbles likely imparts some significant velocity to the
gas involved. in addition, the high velocity 111 cloud study of Kaclble, de Bocer, & Grewing
(1 985) shows that in the Milky Way, these clouds fall bclow coronation by approximately
150 km s7! and that this behavior is consistent with the predictions of galactic fountain
theory, While warm gas n-Loving fromthe disk to the halo should be closer to coronation
than would be cold gas falling back into the disk {fromthe halo, our departures from

coronation of under 40 km s’ are modcst comparcdio the nigh velocity clouds departures.

The spatial and velocity structure of the extraplanar emission-line gas in NGC 8§91
is clearly very complicated, and this study has produced intriguing, if notunambiguous
results. More precise spectroscopy of the 2 kpcfilaments and the diffuse gas would help
dctermine the extent of the gas's departure from coronation, and spectroscopy to larger |z|
would help determine whether the departures seen arc from turbulent or systematic motions

in the gas. I‘urther study of NGC 891 should help us understand the dynamicnature of the



interstellar mediumin our own galaxy muchmore clearly.

This malecrial is based upon work supported under a National Scicnce Foundation
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is opcrated by the Jet Propulsion laboratory, California Institute of Technology, under

contract with the National Aeronautics and Space Administration.
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Spectrum Measured FWHM Predicted 'WH M

A 108 - 10 kim/s 97.6 kimn/s
B 113 +16 kin/s 74.8 km/s
C nsa n/a

Table 1: Mecasured and predicted (corotation model) full-widths-h alf-maximum



Fig. 1---- Colltillulllll-subtracted Hea image of the NI side of NGC 891. The upperimage has
been convolved with a Gaussian with I'WI1IM =1 25"; the lower image is a gradient-shaded
version of the upper image. Gradient shading emphasizes differences between adjoining

pixcls. Inboth images, north is tothe lower right, cast is to the upper right.

I'ig. 2----- llcy map of NGC 891 courtesy of R. Rand, marked to show the spectra takenin
this study. North is up, cast is to the left.

Iig. 3.- Average pixel values parallel io the planconthe cast (@) and west (b) sides versus
radial distance from the center of the galaxy. In 3a, the crosses represent values taken 17¢
(0.82 kpc) above the plane and stars represent values taken 25" (1.2 kpc) above the plane. In
3b,the crosses represent values taken 15¢ [0.73 kpc) above the planc and the stars represent

values taken 31" (1.5 kpc) above the planc.

I'ig. 4.- Observed line centers of Il along the three spectra] cuts marked in Figure 2
(points with error bars) and thcoretical prediction of the velocily structure of anoptically
thin corotating halo (solid line). Figures 4a- crepresent cuts A- C, respectively. Negative

distances arc cast of the plane, posit, ve distances arc west.

Fig. 5. Projected emission measure for an optically thinhalo as a functionof radial

distance from the center of the galaxy for thetruncated (8) and exponential (b) models.



